Introduction myces cerevisiae CDC48 was first isolated as a cell division cycle gene (Moir et al., 1982) . Certain cdc48 During cell division, the microtubule (MT) cytoskeleton mutants arrest with large budded cells and medium size undergoes cyclic transformations between a long inmitotic spindles (Frohlich et al., 1991). However, studies terphase array of MTs and a highly dynamic mitotic thus far have only shown that Cdc48/p97 together with spindle. Understanding this morphological transformavarious adapters regulate diverse membrane-related tion is key to deciphering the mechanism of cell division.
functions ( The finding that the Cdc48/p97-Ufd1-Npl4 complex Xenopus p97 Is Required for Establishing Interphase MT Arrays after Mitotic Exit acts as a chaperone to assist protein dissociation from a large cellular structure such as ER raises an interesting Cytosolic extracts from Xenopus laevis eggs (Murray, 1991) have proved suitable to study microtubule dynampossibility that this complex could also assist spindle disassembly. A role in spindle disassembly could exics and spindle assembly. To determine whether the Xenopus p97 ATPase regulates spindle disassembly, we plain the cell cycle arrest phenotype observed in certain cdc48 mutants (Moir et al., 1982) . Using Xenopus egg used a dominant-negative form of p97 (p97QQ), which blocks ATP hydrolysis (Ye et al., 2001) , to interfere with extracts and yeast, we demonstrate that Cdc48/p97-Ufd1-Npl4 regulates spindle disassembly by modulating p97 function. We found that both p97QQ and wild-type p97 (p97wt) did not perturb normal spindle assembly in MT dynamics and bundling at mitotic exit. This function of Cdc48/p97-Ufd1-Npl4 is required in addition to Cdc2 cytostatic factor (CSF) arrested egg extracts ( Figure 1A ). We then induced the extracts to enter interphase by inactivation. We present evidence that this complex regulates spindle disassembly by modulating the interacadding Ca
2ϩ
, which led to a decrease in Cdc2 kinase activity as assayed by histone H1 phosphorylation and tion between certain spindle assembly factors and MTs at the end of mitosis.
by cyclin B degradation in extracts treated by p97QQ or p97wt ( Figure 1C ). Therefore, p97 is not required for tract, the Ufd1-Npl4-depleted extract, or the Ufd1-Npl4-depleted extract supplemented with purified Ufd1-Npl4. the downregulation of Cdc2 kinase activity at mitotic exit. However, while spindle disassembly and formation Depleting Ufd1-Npl4 did not inhibit spindle assembly ( Figure 2B ). After Ca 2ϩ addition, Cdc2 kinase activity of interphase nuclei occurred in the presence of p97wt ( Figure 1B) , both MTs and chromosomes remained in returned to interphase levels ( Figure 2D ). However, despite the interphase levels of cyclin B and Cdc2 kinase mitotic states in the presence p97QQ ( Figure 1B) . Thus, p97 is required for the formation of interphase MT arrays activity, MTs in the Ufd1-Npl4-depleted extract remained as either half spindles or short asters with conand nuclei. densed chromosomes attached ( Figure 2C ). In contrast, spindles in the mock-depleted extract or the Ufd1-Npl4-Ufd1-Npl4 Is Essential for Establishing Interphase MT Arrays depletion/add-back extract proceeded into interphase as characterized by the formation of interphase nuclei We next examined whether the p97 adaptor complex, Ufd1-Npl4 (Meyer et al., 2000) , is required for the transand MT arrays ( Figure 2C ). Thus, the Cdc48/p97-Ufd1-Npl4 complex is required for spindle disassembly at the formation of mitotic spindles into the interphase MT array. The function of Ufd1-Npl4 was inhibited by either end of mitosis. (Figure 2A) . However, since p97 is function would block chromosome decondensation and nuclei formation at the end of mitosis. We reasoned that much more abundant than Ufd1 and Npl4, there was no appreciable reduction of p97 in the Ufd1-Npl4 depleted p97-Ufd1-Npl4 could directly regulate the formation of interphase nuclei and MT arrays. Alternatively, the presextracts (Figure 2A) . We carried out spindle assembly and disassembly reactions using the mock-depleted exence of condensed chromosomes in the extracts could block the formation of interphase MT arrays. To differenreorganization of many MT binding proteins, motors, and protein kinases. Since p97-Ufd1-Npl4 can dissocitiate between the two possibilities, we added mammalian centrosomes instead of sperm to CSF-egg extracts ate proteins from ER membranes, we reasoned that this complex might also assist protein dissociation from the to induce the formation of MT asters. The function of p97-Ufd1-Npl4 was blocked by p97QQ, by Ufd1 antimitotic spindle at the end of mitosis. To test this, we first asked whether p97-Ufd1-Npl4 could interact with body addition, or by immunodepletion of Ufd1-Npl4. After mitotic MT asters were formed, the extracts were spindle assembly factors at the end of mitosis. We used the Ufd1 antibody to immunoprecipitate p97-Ufd1-Npl4 induced to enter interphase by Ca 2ϩ addition. Since inhibition of p97-Ufd1-Npl4 by all three approaches gave from either CSF-egg extracts or CSF-egg extracts that had been induced to exit mitosis by Ca 2ϩ addition and similar results, we present the experiments where Ufd1 antibody was added. In control reactions, MTs successthen screened nine spindle assembly factors for their interactions with p97-Ufd1-Npl4 (see Experimental Profully made the transition from short mitotic asters into long interphase networks. However, when the function cedures). We found that three spindle assembly factors, XMAP215, TPX2, and Plx1, were coimmunoprecipitated of p97-Ufd1-Npl4 was blocked, the MTs remained as short asters despite the interphase levels of Cdc2 kinase with p97-Ufd1-Npl4 from the CSF-egg extract that was treated with Ca 2ϩ for 30Ј ( Figure 3C ). XMAP215 and activity ( Figures 3A and 3B) . Thus, p97-Ufd1-Npl4 directly regulates the MT cytoskeleton at mitotic exit. To determine the in vivo function of p97 on the MT cytoskeleton, we studied a p97 homolog, Cdc48, in SacNext, we determined whether p97-Ufd1-Npl4 could regulate the interaction between the spindle assembly charomyces cerevisiae. Since the cold sensitive mutant allele cdc48-1 arrests with large budded cells, undivided factors and MTs at the end of mitosis. Taxol was used to stimulate MT polymerization in CSF-extracts treated nuclei, and medium size spindles (Frohlich et al., 1991), Cdc48 may play a role in spindle disassembly. We obwith either p97wt or p97QQ followed by Ca 2ϩ addition to trigger mitotic exit. Since we could not reliably detect tained a heat-sensitive allele of CDC48, cdc48-3, which was isolated as an intragenic suppressor of the original Plx1 binding to taxol-stabilized MTs in CSF-extracts, we focused on studying the binding of XMAP215 and TPX2 cold sensitive mutation cdc48-1 (Latterich et al., 1995; Moir et al., 1982) . Analyses of MT structures during a to MTs. Western blotting showed that similar amounts of XMAP215 and TPX2 bound to MTs in CSF-extracts complete cell cycle in both cdc48-3 and its wild-type control strains at either the permissive (23ЊC) or the treated with either p97wt or p97QQ ( Figure 3D ). In contrast, treatment with p97QQ caused increased binding restrictive temperature (37ЊC) revealed that spindle assembly and disassembly progressed normally at 23ЊC of both XMAP215 and TPX2 to MTs compared to p97wt treatment after mitotic exit ( Figure 3D) ures 1 and 2) .
However, since the Cdc48/p97-Ufd1-Npl4 complex is not required for cyclin B degradation in Xenopus egg To determine whether and how p97-Ufd1-Npl4 regulates MT dynamics, we used time-lapse fluorescence extracts (Figures 1 and 2) , the lack of Clb2 degradation in cdc48-3 cells could be caused by the mitotic checkpoint microscopy to measure the dynamics of individual MTs in the CSF extracts, the control IgG-treated CSF extracts response triggered by spindle disassembly defects. To test this, we deleted the checkpoint genes MAD2 and that entered interphase, or the Ufd1 antibody-treated CSF extracts that entered interphase. The CSF extracts BUB2 (Hoyt, 2000) either individually or together in CDC48 and cdc48-3 strains. These strains were arrested had high levels of cyclin B and Cdc2 kinase activity, while the extracts that entered interphase had low levels in G1 with ␣ factor at 23ЊC. After release from ␣ factor, the cells were shifted to 37ЊC and sampled at 20-30Ј of cyclin B and Cdc2 kinase activity (data not shown). As expected, interphase entry led to persistent MT intervals to determine the level of Clb2 and spindle morphology. growth in the control-IgG treated extracts, while MTs in the CSF-extract exhibited frequent transitions from By 180Ј at 37ЊC, the cdc48-3, cdc48-3mad2⌬, cdc48-3bub2⌬, and cdc48-3mad2⌬bub2⌬ strains arrested with growth to shrinkage (Figures 4A and 4B) . Interestingly, MTs in the Ufd1 antibody-treated extract also exhibited large-budded cells containing medium length spindles that had collapsed from elongated spindles (Figure 6A frequent transitions from growth to shrinkage, despite low levels of Cdc2 kinase activity (Figures 4A and 4B) .
and Supplemental Figure S1 available at http://www.cell. com/cgi/content/full/115/3/355/DC1). As cells exited The parameters of MT dynamics were determined in three different extracts as described previously (Wilde mitosis, Clb2 was degraded in CDC48, CDC48mad2⌬-bub2⌬, and cdc48-3mad2⌬bub2⌬ cells, but only paret al., 2001). We found that although the Ufd1 antibodytreated extracts had interphase levels of Cdc2 kinase tially degraded in cdc48-3mad2⌬ and cdc48-3bub2⌬ cells, and not degraded at all in cdc48-3 cells (Figure activity, their MTs exhibited similar catastrophe and rescue frequencies as those of the CSF extracts. In con-6B). To visualize spindle disassembly, we integrated GFP-Tub1 into CDC48mad2⌬bub2⌬ and cdc48-3mad2-trast, in the control IgG-treated extracts, the MTs exhibited persistent growth with a 10-fold lower catastrophe ⌬bub2⌬ strains. Time-lapse fluorescence microscopy showed that spindles in both strains elongated similarly. frequency compared to the CSF-extracts or the Ufd1 antibody-treated extracts (Table 1) . We also noticed that However, while spindles in CDC48 mad2⌬bub2⌬ cells disassembled, spindles in cdc48-3mad2⌬bub2⌬ cells MTs in the Ufd1 antibody-treated extracts exhibited ‫-2ف‬ fold higher pausing frequency during growth than MTs collapsed ( Figure 6C ). Fixed time-point experiments suggested that the collapsed spindle persisted for at in the other two egg extracts. Thus, p97-Ufd1-Npl4 regulates MT catastrophe and pausing at mitotic exit.
least an hour. Since Clb2 is degraded in cdc48-3mad2⌬- lead to spindle disassembly, cytokinesis, and nuclear Myc-tagged Cdc5 was expressed in CDC48, cdc48-3, CDC48bub2⌬mad2⌬, and cdc48-3mad2⌬bub2⌬ strains.
reformation. Since Cdc48/p97-Ufd1-Npl4 functions in proteasome-mediated protein degradation, one obvious The strains were first arrested in G1 at 23ЊC, and then released from G1 at 37ЊC to inactivate Cdc48 in the possibility is that this complex might function in the MEN pathway to mediate the degradation of cyclin B. mutants. Western blotting showed that both Cdc5 and Clb2 were degraded at the end of mitosis in CDC48 and Surprisingly, we found that cyclin B degradation and Cdc2 inactivation did not require Cdc48/p97 in either CDC48bub2⌬mad2⌬ cells ( Figure 7A ). Consistent with our earlier finding, Clb2 was also degraded in cdc48-Xenopus egg extracts or in yeast. Instead, Cdc48/p97 is required for spindle disassembly after execution of 3bub2⌬mad2⌬ cells, but not in cdc48-3 cells ( Figure 7A ). In contrast, Cdc5 was not degraded in either cdc48-3 or the MEN pathway. Our studies in Xenopus egg extracts suggest that Cdc48/p97-Ufd1-Npl4 regulates both MT cdc48-3bub2⌬mad2⌬ cells ( Figure 7A ). Immunoprecipitation of VSV-tagged Cdc48 showed that Cdc5 interdynamics and MT bundling at the end of mitosis, thereby leading to spindle disassembly. acted with Cdc48 ( Figure 7B) . Therefore, Cdc48 binds to Cdc5 and is required for its degradation at the end Interestingly, although Cdc2 inactivation in the absence of Cdc48/p97 function blocked spindle disassemof mitosis.
Since Ase1 is degraded after mitotic exit in the subsebly, spindle morphology changed in both Xenopus egg extracts and in yeast. In Xenopus egg extracts, bipolar quent G1 phase, we tested whether Cdc48 is required for degrading Ase1 in G1 using a method described spindles collapsed into monopolar spindles or asters attached to apparently condensed chromosomes, whereas previously (Juang et al., 1997) . Myc-tagged Ase1 was expressed from the GAL1 promoter in CDC48 and in yeast the elongated spindles collapsed into medium length spindles. Since phosphorylation of the mitotic cdc48-3 strains. Western blotting showed that after turning off the GAL1 promoter, Myc-Ase1 was rapidly dekinesin Eg5 by Cdc2 in animal cells is required for establishing and maintaining bipolar spindles (Blangy et al., graded in CDC48, but not in cdc48-3 cells in G1 ( Figure  7C) . Interestingly, CDC48 cells accumulated less Myc-1995), it is tempting to speculate that Cdc2 inactivation in Xenopus egg extracts might lead to Eg5 dephosphormechanism of spindle disassembly. Our identification of the Cdc48/p97-Ufd1-Npl4 complex as an important ylation and collapse of bipolar spindles. However, this speculation does not apply to yeast because spindle regulator offers a unique opportunity to study this poorly understood morphological transition. collapse occurred in cdc48-3 cells where Clb2 was not degraded. It is interesting to note that BimC, the yeast CDC48, CDC48mad2⌬bub2⌬, cdc48-3, cdc48-3mad2⌬, cdc48-3bub2⌬ , and cdc48-3mad2⌬bub2⌬ cells were analyzed as in Figure  5A . Shown are cells at 180 min after release from G1. While the CDC48 and CDC48mad2⌬bub2⌬ cells underwent successful cell division and spindle disassembly, the cdc48-3, cdc48-3mad2⌬, cdc48-3bub2⌬, and cdc48-3mad2⌬bub2⌬ cells arrested as large budded cells with collapsed spindles. BF, brightfield. Scale bar is equal to 10 m. (B) Cdc48 is not required for Clb2 degradation. The same cells as in (A) were analyzed by Western blotting probing with Clb2 and Tub2 antibodies. (C) Spindle behavior is followed by time-lapse microscopy in CDC48mad2⌬bub2⌬ or cdc48-3mad2⌬bub2⌬ cells expressing GFP-Tub1. Both strains were first arrested in G1 at 23ЊC and then released at 37ЊC. Images were captured 90Ј after release from G1 at 1Ј intervals. The collapsed spindles in cdc48-3mad2⌬bub2⌬ cells persisted for at least one hour. Scale bar is equal to 5 m.
tion by p97QQ at mitotic exit leads to increased binding (Tsai et al., 2003) . Therefore, increased binding of TPX2 to MTs at mitotic exit due to the lack of p97 function of XMAP215 and TPX2 to taxol-stabilized MTs. Since 
